Stalled replication forks are a critical problem for the cell because they can lead to complex genome rearrangements that underlie cell death and disease. Processes such as DNA damage tolerance and replication fork reversal protect stalled forks from these events. A central mediator of these DNA damage responses in humans is the Rad5-related DNA translocase, HLTF. Here, we present biochemical and structural evidence that the HIRAN domain, an ancient and conserved domain found in HLTF and other DNA processing proteins, is a modified oligonucleotide/oligosaccharide (OB) fold that binds to 3 0 ssDNA ends. We demonstrate that the HIRAN domain promotes HLTF-dependent fork reversal in vitro through its interaction with 3 0 ssDNA ends found at forks. Finally, we show that HLTF restrains replication fork progression in cells in a HIRANdependent manner. These findings establish a mechanism of HLTF-mediated fork reversal and provide insight into the requirement for distinct fork remodeling activities in the cell.
INTRODUCTION
Stalled replication forks and other downstream effects of replication stress are significant challenges to genome stability. Unrepaired DNA damage, secondary DNA structures, protein-DNA complexes, and nucleotide depletion can all lead to replication fork collapse and DNA breaks, and eventually to cell death and disease (Branzei and Foiani, 2010; Ciccia and Elledge, 2010; Zeman and Cimprich, 2014) . Cells therefore have developed a number of mechanisms to respond to replication stress, bypass stalled replication forks, and repair damaged DNA. DNA damage tolerance (DDT) pathways, for example, minimize fork stalling through bypass of replication blocks and leave resolution of the block for a later time (Branzei and Foiani, 2010; Saugar et al., 2014) . In one form of DDT, translesion synthesis polymerases directly bypass lesions in what can be an error-prone process. In another form of DDT, an alternative template is used (template switching) to enable error-free bypass. Understanding the molecular pathways controlling these processes is key to understanding how cells maintain genomic integrity in the face of replication stress, and how errors in DNA damage response pathways lead to diseases such as cancer.
One versatile mechanism for overcoming stalled replication forks is fork reversal (also called fork regression). Fork reversal involves active remodeling of the stalled replication fork, in which the three-armed fork is converted into a Holliday junction (HJ)-like structure by pairing the newly synthesized sister chromatids to form a fourth regressed arm. This structural change can have several protective effects on genomic integrity (Neelsen and Lopes, 2015) . For example, fork reversal minimizes ssDNA formation resulting from polymerase stalling, thus stabilizing the replication fork. Fork reversal also repositions fork-stalling lesions in the context of dsDNA, facilitating DNA repair. Lastly, fork reversal creates an opportunity for template switching. This final process allows the indirect and error-free bypass of fork-blocking lesions using the undamaged sister chromatid. Genotoxic agents, repetitive DNA sequences, and oncogeneinduced replication stress all lead to fork regression in mammalian cells, suggesting this process may be a common response to stalled forks (Follonier et al., 2013; Neelsen et al., 2013; Zellweger et al., 2015) . Despite growing evidence for the importance of fork reversal in protecting the genome, and what may be the frequent use of this process in fork repair, how fork reversal occurs is not well understood.
Recent evidence suggests that molecular components of DDT might be involved in fork reversal. In yeast, error-free DDT is dependent on Rad5, a RING domain-containing ubiquitin ligase, which promotes the polyubiquitination of proliferating cell nuclear antigen (PCNA) (Hoege et al., 2002) . In mammalian cells, two Rad5-related proteins, SHPRH and HLTF, promote PCNA polyubiquitination (Motegi et al., 2006 (Motegi et al., , 2008 Saugar et al., 2014; Unk et al., 2006 Unk et al., , 2008 . This modification has been hypothesized to recruit other factors to the stalled fork that promote a template switch . Several lines of evidence suggest that DDT proteins might also affect template switching directly by fork remodeling. Rad5, HLTF, and SHPRH are all members of the SWI/SNF2 family of ATP-dependent DNA translocases involved in chromatin remodeling and DNA repair . Moreover, the ability of Rad5 and HLTF to promote replication of damaged DNA requires both their ubiquitin ligase and DNA translocase domains (Blastyá k et al., Choi et al., 2015; Gangavarapu et al., 2006; Minca and Kowalski, 2010; Ortiz-Bazá n et al., 2014) . Indeed, HLTF and Rad5 can directly catalyze replication fork reversal on model DNA substrates (Achar et al., 2011; Blastyá k et al., 2007 Blastyá k et al., , 2010 . Interestingly, HLTF and Rad5 lack the strand unwinding activity associated with canonical helicases, and instead use their dsDNA translocase activity to promote fork reversal and branch migration in an ATP-dependent manner (Achar et al., 2011; Blastyá k et al., 2007 Blastyá k et al., , 2010 . In spite of these observations, it is not known whether or how Rad5-related proteins mediate fork reversal in cells following replication stress.
Structural elements within Rad5-related proteins provide intriguing clues about their potential mechanism of action in fork reversal. Rad5, HLTF, and SHPRH share a domain structure that contains a ubiquitin ligase RING motif embedded within the SWI2/SNF2 ATPase motor . In addition, HLTF and Rad5 contain an uncharacterized HIP116/HLTF Rad5 N terminus (HIRAN) domain, which has been proposed to bind damaged DNA structures such as those found at stalled replication forks (Iyer et al., 2006) . The HIRAN domain is ancient and highly conserved among organisms from bacteria to humans. In prokaryotes, it is often found in proteins with no other identifiable motifs. In eukaryotes, it is often coupled to DNA-processing domains, including tyrosyl-DNA phosphodiesterase and viral replication and repair (VRR) nuclease domains, suggesting that the HIRAN domain may be integral to the function of these proteins. Consistent with this idea, deletion of the HIRAN domain in the S. pombe ortholog of Rad5 leads to DNA damage sensitivity (Ding and Forsburg, 2014) .
In this study, we describe an important role for the HIRAN domain in driving replication fork regression by HLTF. Using biochemical, structural, and genetic approaches, we establish that the HIRAN domain recognizes 3 0 ssDNA ends and directs HLTF to the 3 0 end of the nascent leading strand to remodel replication forks. This requirement for the 3 0 end is unique among factors involved in replication fork reversal, and the 3 0 end binding activity appears to be a conserved activity of the ancient HIRAN domain. Lastly, we demonstrate this activity is required for fork progression in cells by showing that the 3 0 end-binding function of HIRAN affects the length of newly synthesized DNA fibers. Our findings indicate that the HIRAN domain is a substrate specificity factor for HLTF that dictates its biological activity, and thus provide important insights into the distinct mechanism by which HLTF recognizes and remodels replication forks.
RESULTS

HLTF Associates with the Replication Fork
Fork reversal by HLTF, if relevant in vivo, would be expected to occur on chromatin and at the replication fork. To determine whether HLTF is present at active replisomes, we used iPond (isolation of proteins on nascent DNA) (Sirbu et al., 2011) to capture nascent, EdU-labeled DNA and its associated proteins from proliferating cells. We found that HLTF is associated with EdUlabeled DNA immediately after the EdU pulse, but not 10-30 min after the EdU was washed out (Figure 1 ). RAD18, a RING domain-containing protein that interacts with HLTF (Motegi et al., 2008; Unk et al., 2008) , also associated with nascent EdU-labeled DNA with similar kinetics, as did RPA and PCNA, two well-established markers of the replication fork.
Together, these findings demonstrate that HLTF is a component of active replisomes, but not mature chromatin. Furthermore, they suggest that HLTF associates with DNA at a replication fork, even in the absence of exogenous DNA damage or replication stress.
The HIRAN Domain Binds the 3 0 End of ssDNA HLTF binds and remodels various forked DNA structures, although the manner in which it recognizes these DNA structures is not known . We were intrigued by the possibility that the evolutionarily conserved ( Figure 2A ; Figure S1 ), yet functionally uncharacterized N-terminal HIRAN domain of HLTF is important for its DNA recognition and remodeling activities. To investigate its potential DNA-binding ability, we purified the HIRAN domain (residues 55-180) of human HLTF and examined its interaction with single-or doublestranded DNA (ssDNA, dsDNA) oligonucleotides using electrophoretic mobility shift assays (EMSA) . Surprisingly, we found that the HIRAN domain had a strong affinity for ssDNA (K d = 13 ± 3 nM), but showed no detectable affinity for dsDNA (Figure 2B) . In contrast, binding of the HLTF HIRAN domain to short dsDNA oligonucleotides containing blunt and recessed 3 0 ends was recently reported (Hishiki et al., 2015) . However, since the duplex regions in those experiments contained only 8-13 nucleotides, the possibility of duplex denaturation cannot be ruled out.
To further explore how the HIRAN domain directs HLTF to ssDNA, we immobilized single-stranded 20-mer oligonucleotides modified with biotin at either the 3 0 or 5 0 end on streptavidin beads and tested binding to these complexes. Consistent with our EMSA results, the isolated HIRAN domain bound to ssDNA. Unexpectedly, however, HIRAN exhibited a strong preference for the ssDNA oligonucleotide that was immobilized via the 5 0 end and had a free 3 0 hydroxyl group ( Figure 2C ). Importantly, purified full-length HLTF exhibited the same binding specificity to ssDNA, indicating that apparent 3 0 ssDNA end binding activity is a property of full-length HLTF, and not just the HIRAN domain. 293T cells were pulsed with EdU for 10 min and chased with thymidine for the time shown. Cells were then fixed with 1% formaldehyde and collected. Nascent DNA-protein complexes were purified by iPOND, and EdU-associated proteins were analyzed by western blotting. The Àclk condition represents cells pulsed with EdU, and processed without biotin-azide in the click reaction step.
Moreover, deletion of the HIRAN domain from the full-length protein (DHIRAN) completely abolished the interaction of HLTF with ssDNA, demonstrating that the HIRAN domain is both necessary and sufficient for the ssDNA binding activity of HLTF ( Figure 2C ). Another ssDNA binding protein, RPA, showed no preference for binding to either oligonucleotide, a finding that highlights the specificity of this interaction and also indicates that there are equal amounts of DNA in the pull-downs ( Figure 2C ). Neither HLTF nor the HIRAN domain bound 5 0 -phosphorylated ssDNA, suggesting the lack of binding is not due to lack of a phosphate group naturally found at the 5 0 ends of DNA ( Figure 2D ). Next, we investigated the specificity of the HIRAN domain for a 3 0 end by monitoring binding of HLTF and the HIRAN domain to ssDNA containing a hydroxyl (-OH), phosphate (-PO 4 ), or hydrogen (-H) at the 3 0 position ( Figure 2E ). Both HLTF and the HIRAN domain failed to bind ssDNA oligonucleotides that were modified at the 3 0 end, whereas RPA binding was not disrupted ( Figure 2E ). EMSA experiments with dT 10 oligonucleotides modi- Figure S1 ). fied at their 3 0 ends yielded similar results ( Figure 2F ). Taken together, these observations establish that the HIRAN domain interacts with ssDNA 3 0 ends via the 3 0 -hydroxyl group.
Structural Basis for 3
0 End Binding by the HIRAN Domain To elucidate the molecular details of HLTF's DNA binding specificity, we determined an X-ray crystal structure of the HIRAN domain bound to ssDNA (Figure 3A ; Figure S2A ). We refined a model containing four protein-DNA complexes in the asymmetric unit (asu) against data extending to 1.5-Å resolution to a crystallographic residual (R/R free ) of 15.2%/ 18.4% (Table 1 ). In each complex in the asu, all 125 HIRAN residues and at least four nucleotides at the 3 0 end of each DNA strand were resolved. Our model revealed that the HIRAN domain adopts a globular a+b architecture with an embedded oligonucleotide/oligosaccharide binding (OB)-fold (b2-b6)-a general nucleic acid-binding platform (Theobald et al., 2003) ( Figure 3A ). Two loops between b1 and b2 (L 12 ) and b2 and b3 (L 23 ) extend from the OB-fold and with the b2-b3-b4/ aB surface form a binding pocket for the 3 0 end of ssDNA. In each of the four complexes in the asu, the two nucleotides at the 3 0 ends are well ordered inside this pocket. The 5 0 ends of the DNA are directed away from the protein surface by a loop between b5 and b6 (L 56 ) and participate in crystal contacts with neighboring protein molecules. As a consequence, the conformations of the 5 0 ends are highly variable ( Figure S2B ). Comparison to other structures in the Protein Databank (PDB) revealed that the HLTF HIRAN domain is virtually identical to that of a predicted HIRAN domain within a protein of unknown function from Lactobacillus plantarum (PDB: 3K2Y; Figure S2C ). This similarity indicates that the HIRAN fold is conserved in organisms separated by more than a billion years of evolution. The 3 0 -binding pocket in HIRAN is also strongly conserved, as indicated by mapping sequence homology of HIRAN domains from 150 proteins onto the crystal structure ( Figure 3B ). We also found that the HIRAN domain shares significant structural homology with small protein B (SmpB, PDB: 2CZJ), the tRNA-binding component of the bacterial transfer mRNA machinery (Bessho et al., 2007; Dong et al., 2002) (Figure 3C ). Interestingly, SmpB binds an internal segment of RNA using the same general surface that HIRAN uses to bind ssDNA (Bessho et al., 2007) , although the specific HIRAN-DNA and SmpB-RNA contacts are distinct. Similarly, the 3 0 end binding of the HIRAN OB-fold is distinctly different than the manner in which RPA's OB folds bind ssDNA (Theobald et al., 2003) .
Upon comparing the HIRAN architecture to other known 3 0 end-binding domains, we found structural similarity to nucleic acid-binding proteins from organisms throughout evolution, ranging from the 3 0 DNA-binding domain (3 0 BD) of the bacterial PriA replication restart helicase to the 3 0 RNA-binding PAZ domain of human Argonaute-1 (Ma et al., 2004; Sasaki et al., 2007) . Each of these end-binding domains uses a topologically distinct arrangement of b strands to achieve a similar 3D architecture. Indeed, superposition of these structures places the nucleic acid binding surfaces in the same location relative to the b sheet motifs ( Figure S2D ). Thus, the HIRAN fold represents a general nucleic acid binding architecture that HLTF and other proteins have adapted to bind specifically to 3 0 ends. We note that not all 3 0 -binding domains show this same architecture. For example, Flap endonuclease-1 (FEN-1) captures the 3 0 end at a DNA nick using an a-helical domain with no structural resemblance to HIRAN, PriA-3 0 BD, or PAZ domains (Tsutakawa et al., 2011) .
DNA Binding by the HIRAN Domain Is Confined to the 3 0 -Binding Pocket Analysis of our crystal structure revealed several interactions that form the basis for HIRAN's specificity for 3 0 ends. First, the DNA 3 0 -hydroxyl group is nestled deep in the back of the pocket and hydrogen bonded to the carboxyl side chain of D94 (Figure 4A) , explaining the requirement for a free 3 0 -hydroxyl for binding. Second, two nucleobases at the 3 0 end are stacked between two tyrosine side chains (Y72 and Y93) that extend from loops L 12 and L 23 , and the Watson-Crick faces of these two nucleobases are hydrogen bonded to Y73, N91, and H110. These interactions preclude binding of dsDNA inside this pocket. Consistent with this, a recently published crystal structure of HIRAN with dsDNA (PDB: 4XZF) showed the domain bound to two unduplexed nucleotides at the 3 0 end, in a manner virtually identical to our structure (RMSD = 0.51 Å for all atoms) (Hishiki et al., 2015) . Lastly, the phosphates of the two 3 0 -nucleotides are stabilized by electrostatic interactions with R71 and K113 side chains as well as a hydrogen bond from the Y72 hydroxyl group. Outside of the binding pocket, the third nucleotide from the 3 0 end is base-stacked against F142 from loop L 56 , placing a 90 kink in the trajectory of the ssDNA. Thus, the two nucleotides at the 3 0 end are stabilized by an extensive network of interactions, and we observe no binding outside of the 3 0 pocket. Notably, all of the residues in the DNA binding pocket are conserved in the Lactobacillus lp_0118 protein, with the exception of H110, which in lp_0118 is a tyrosine capable of analogous hydrogen bonding with the DNA bases. This striking conservation indicates that 3 0 binding is conserved in the bacterial HIRAN proteins.
To investigate the full extent of the DNA binding interface in the absence of crystal lattice contacts that might bias binding of the DNA outside of the 3 0 -binding pocket, we monitored DNA binding in solution using nuclear magnetic resonance (NMR) chemical shift perturbation. The 15 N-HSQC spectra of the free HIRAN domain showed chemical shift dispersion indicative of folded protein ( Figure S3A ). Upon addition of ssDNA, peak broadening diminished, and a number of additional strong peaks appeared ( Figure 4B ; Figure S3A ), indicating that ssDNA binding stabilizes flexible regions of the protein. The addition of dsDNA had no effect on the NMR spectrum, consistent with our finding that HIRAN did not bind dsDNA. Next, we monitored chemical shift changes (Du) for each residue in the 15 N-HSQC spectrum upon addition of ssDNA (Figure 4C) and mapped these onto the surface of the HIRAN crystal structure ( Figure 4D ). We observed the largest chemical shift changes within strand b4 and loops L 12 , L 23 , and L 56 , consistent with the crystal structure. Thus, ssDNA does not appear to significantly interact with the surface of the protein outside of the 3 0 -binding pocket. Lastly, we determined the solution structure of the DNA-bound form of HIRAN and found it to be consistent with the X-ray structure, with an RMSD of 1.47 Å for all backbone atoms (PDB: 2MZN; Table S2; Figure S3B ). Thus, multiple techniques demonstrate that the HIRAN domain engages a 3 0 end of ssDNA using a highly conserved network of residues.
To investigate the functional importance of residues mediating the interaction between HIRAN and the 3 0 end of ssDNA, we purified and tested mutant HIRAN domains containing substitutions at each of the residues identified above for their ability to bind ssDNA by EMSA (Figures 4E and S3C) . None of the substitutions significantly destabilized the protein, as determined by thermal denaturation profiles ( Figure S3D ). They did significantly reduce DNA binding, however. Substitution of R71 with glutamate had the most dramatic effect on ssDNA binding: under two different experimental conditions, R71E led to either 80% reduction (Figures 4E-4G ; Figures S3E and S3F ) or complete abrogation ( Figure S3F ) of specific binding for all protein concentrations tested. K113E, N91A, D94A, and H110A mutants decreased ssDNA binding affinity by three orders of magnitude ( Figures 4F and 4G) . Substitution of base-stacking residues had a more modest effect, reducing binding by 60-fold (Y72A Y93A double mutant) and 15-fold (F142A mutant) (Figures 4E-4G ). These results indicate that all residues lining the DNA binding pocket are critical for HIRAN binding to DNA, and that at least in our experimental conditions, the polar contacts to the phosphoribose backbone and nucleobases contribute more to the strength of the interaction than do the base-stacking interactions.
HLTF Fork Reversal Activity Requires a Functional HIRAN Domain
The interaction of the HIRAN domain with ssDNA raised the possibility that this domain might facilitate HLTF-catalyzed DNA remodeling by directing its translocase activity to specific substrates in vivo. Indeed, throughout evolution HIRAN has often appeared in ATPase motor-containing proteins. To test whether 3 0 end binding by the HIRAN domain is required for HLTF's known activities, we purified a panel of full-length HLTF proteins with single mutations of the residues we found to compromise the HIRAN-ssDNA interaction. We also purified a D557A/ E558A (DEAA) Walker B mutant previously shown to lack ATPase and fork regression activity Gangavarapu et al., 2006) ( Figure S4 ). In contrast to the DEAA mutant, all of the HIRAN mutants were proficient in DNA-dependent ATPase activity ( Figure 5A ), indicating that DNA binding by HIRAN is not required for HLTF's ATPase activity, and that the HIRAN mutations do not noticeably disrupt the functional integrity of HLTF. Next, we asked whether mutating the HIRAN domain affected the ability of HLTF to catalyze fork regression on a model fork structure. Strikingly, the HIRAN mutants had a reduced ability to reverse a model replication fork ( Figure 5B ). The R71E and the Y72A/Y93A mutations caused the greatest defects in fork regression, whereas the D94A or H110A mutations had more moderate effects. Together, these data indicate that DNA binding by the HIRAN domain is important for HLTF's fork regression activity through a mechanism other than impairment of ATP hydrolysis.
3 0 DNA Ends Uniquely Promote HLTF-Dependent Fork Regression Stalled replication forks contain a 3 0 -hydroxyl group on the nascent leading strand, and the requirement for the HIRAN domain in HLTF-mediated fork regression suggested that this group might be required for HLTF to promote fork regression. To test this hypothesis, we compared HLTF's ability to regress model replication forks containing either an unmodified (3 0 -OH) or phosphorylated (3 0 -PO 4 ) 3 0 end on the nascent leading strand. Indeed, we found that HLTF had reduced activity toward the 3 0 -PO 4 -capped fork, although this defect could be overcome at significantly higher concentrations of HLTF ( Figure 6A ; Figure S5A ).
A number of mammalian enzymes other than HLTF can also catalyze fork reversal in vitro, including SMARCAL1 (Bé tous et al., 2012; Ciccia et al., 2012) . To determine if SMARCAL1 is similarly affected by the 3 0 -PO 4 -capped fork structure, we tested its activity using this as a substrate. Strikingly, the 3 0 -PO 4 -capped fork structure was efficiently reversed by SMARCAL1, and there was no difference in the ability of this enzyme to reverse the capped versus uncapped substrate ( Figure 6B ). Furthermore, fork regression by the DNA helicases RecG and UvsW was similarly unaffected by the 3 0 -PO 4 -capped fork structure ( Figures S5B and S5C) . Together, these findings suggest the requirement of the free 3 0 end of the nascent leading strand is specific to HLTF, and thus indicate there is a fundamental difference in how HLTF recognizes and reverses stalled forks as compared to SMARCAL1, UvsW, and RecG.
The HIRAN Domain Is Necessary for HLTF to Slow Replication Forks upon dNTP Depletion Next, we wanted to determine whether HLTF function is required for replication fork remodeling in cells, and the contribution of the HIRAN domain to this function. Nucleotide depletion induced by hydroxyurea (HU) is commonly used to disrupt fork progression in eukaryotic cells and has recently been shown to promote fork reversal (Zellweger et al., 2015) . As HU would also expose the nascent 3 0 end of DNA, we reasoned that HLTF's fork reversal activity might be required under these conditions. To test this hypothesis, we monitored replication fork progression in the Figure 2B . Values represent the average ± SD of three independent measurements. See also Figure S3 .
presence of 50 mM HU, a dose that reduces fork progression by approximately 45% as measured by fiber assay ( Figure S6A ) (Jackson and Pombo, 1998) . To disrupt HLTF function, we knocked out the HLTF gene in U2OS cells ( Figure 7A ; Figures  S6B-S6D ). Using two HLTF-knockout lines and the parental line, we then monitored the effects of HLTF loss on replication fork progression using the fiber assay. We pulsed U2OS cells with IdU (30 min, red) followed by CldU (30 min, green) in the presence or absence of 50 mM HU, and then measured CldU tracks ( Figure 7B) . Surprisingly, HLTF-knockout cells had substantially longer CldU tracks than did the parental cells in the presence of HU ( Figures 7C and 7D ). We obtained similar results upon siRNA-mediated knockdown of HLTF ( Figure S6E ). However, the knockout of HLTF had no effect in untreated cells (Figures 7C and 7D) . These unexpected observations suggest that HLTF functions at the stalled replication fork to restrain replication fork progression, and are consistent with the idea that HLTF has a fork remodeling activity that slows fork progression under conditions of replication stress. To determine if the fork progression phenotype is dependent on HLTF's HIRAN domain, we compared the ability of wildtype HLTF and the HIRAN mutants to rescue this phenotype in one of the HLTF-knockout lines. Expression of wild-type HLTF in the HLTF-knockout line restored the CldU track length to wild-type levels ( Figure 7E ). Next, we tested the HIRAN mutants that showed defective in vitro fork reversal activity in the fiber assay, as well as an ATPase mutant ( Figure 7E ). As expected, the ATPase mutant did not reduce the CldU track length. Strikingly, we also found that none of the HIRAN mutants tested could restore CldU track length to wild-type levels, despite the fact that they were expressed at levels similar to the wild-type HLTF. Thus, the HIRAN domain is necessary for HLTF's function at the replication fork. Taken together, these findings strongly suggest that HLTF constrains replication fork progression through HIRAN-mediated replication fork reversal.
DISCUSSION
In this study, we present biochemical, structural, and biological evidence that the HIRAN domain of HLTF is a 3 0 ssDNA endbinding module important for replication fork reversal and proper replication fork progression following replication stress. Several lines of data support these conclusions. First, the HIRAN domain of HLTF binds tightly and specifically to the 3 0 end of ssDNA. Second, residues lining the ssDNA binding pocket identified in the crystal structure of the HIRAN domain are critical for 3 0 end binding in solution. Third, the ability of HLTF to efficiently regress model replication forks is dependent on a functional HIRAN domain and a free 3 0 -hydroxyl group on the nascent leading strand of the model fork structure. Finally, the HIRAN domain is required for HLTF to restrain replication fork progression in vivo. These findings provide crucial insights into the mechanism of replication fork regression by HLTF, and suggest that HLTF helps maintain genome stability by promoting replication fork reversal following replication stress.
The HIRAN domain was first identified as an evolutionarily conserved domain of unknown function, but its location within proteins containing DNA-processing domains led to the prediction that it was needed to associate with damaged DNA or stalled replication forks (Iyer et al., 2006) . However, thus far there has been no evidence to support this hypothesis. Our biochemical and structural data now show the HIRAN domain to be a bona fide DNA-binding domain with an unexpected 3 0 end binding activity that is essential for HLTF-dependent fork reversal. The strong structural similarity between human HLTF and Lactobacillus lp_0118 ( Figure S2C ) HIRAN domains, and the conservation of the DNA binding residues in all of the known HIRAN sequences ( Figure S1 ) imply that this 3 0 end binding activity is a universal feature of HIRAN-containing proteins across all kingdoms of life in which they appear. The HIRAN structure is adapted from an OB-fold, a general nucleic acid-binding motif most commonly associated with ssDNA binding, but also known to interact with a variety of ssDNA and dsDNA and RNA structures. To our knowledge, however, the specific interaction with the end of the DNA is unique to the HIRAN OB-fold.
Possibly the most revealing aspect of the structure and 3 0 -binding function of the HIRAN domain is its similarity to the PriA-3 0 BD. Both domains are coupled to a superfamily II type ATPase motor (Bhattacharyya et al., 2014) , and capping the 3 disrupts HLTF-mediated fork regression and PriA-fork binding (Mizukoshi et al., 2003) . The PriA-3 0 BD is proposed to orient the protein at a stalled fork to enable the helicase domain to unwind the nascent lagging strand duplex and create the ssDNA necessary for reloading of DnaB helicase and the replication restart primosome (Gabbai and Marians, 2010; Jones and Nakai, 1999) . In contrast, we propose that HLTF, which does not have strand-unwinding activity, combines its dsDNA translocase activity (Blastyá k et al., 2010) with HIRAN's 3 0 end-binding function to recognize and reverse stalled forks ( Figure 7F ). We hypothesize that HLTF binds to dsDNA on the unreplicated template ahead of the replication fork, and uses its translocase activity to re-anneal the unwound template strands as it moves toward the stalled fork. Upon reaching the nascent leading strand, the translocase activity may destabilize the leading strand duplex allowing the HIRAN domain to capture the 3 0 ssDNA end. This would facilitate annealing of the nascent strands and formation of a four-way HJ. The translocase activity of HLTF would then promote branch migration and further fork reversal. In support of this 3 0 -capture model, our crystal structure and biochemistry show that HIRAN is not able to bind a duplexed 3 0 end. Several additional lines of biochemical evidence support the proposed mechanism for fork reversal. First, HLTF binds dsDNA, a property that is likely associated with its SNF2 motor domain Dü rr et al., 2005; Singleton et al., 2007) , and not its HIRAN domain. Furthermore, HLTF does not appear to have a preference for binding to different fork structures . Second, the ability of HLTF to reverse a model replication fork in vitro is significantly diminished when key DNA-binding residues in the HIRAN domain are mutated, indicating that the HIRAN domain is needed for its biochemical activity. In contrast, the ATPase activity of HLTF is not affected by these mutations, indicating that ATPase activity is separable from 3 0 end binding. Finally, model replication forks in which the leading strand 3 0 -OH has been capped are poor substrates for HLTF.
The HIRAN domain of HLTF may be analogous to the N-terminal HARP domain of SMARCAL1 in that both act as substrate recognition domains (Bé tous et al., 2012; Mason et al., 2014) . However, differences in the HIRAN and HARP structures as well as our finding that HLTF, but not SMARCAL1, requires a free 3 0 end on the nascent leading strand during fork regression, suggest that these two translocases utilize different mechanisms to recognize and/or remodel their substrates. The HIRAN domain may direct HLTF to forks where the 3 0 end is exposed, whereas the HARP domains of SMARCAL1 likely promote fork reversal by recognizing a particular conformation of DNA at the branch point (Bé tous et al., 2012; Mason et al., 2014) . ZRANB3, another SWI/ SNF2 translocase capable of fork reversal, also exhibits a substrate preference distinct from SMARCAL1, although the molecular basis of this preference is unknown (Bé tous et al., 2013; Ciccia et al., 2012) . These differences in substrate recognition could allow HLTF, SMARCAL1, and ZRANB3 to act on different types of stalled fork structures. By extension, these results may also indicate that many fork remodeling proteins exist in mammalian cells because forks stalled by distinct obstacles require several different modes of fork recognition and remodeling.
Our cellular data support an in vivo role for HLTF in promoting replication fork reversal. First, we show using iPond that HLTF and RAD18 associate specifically with nascent DNA in cells; a proteomic analysis utilizing a related approach also identified HLTF at replication forks (Alabert et al., 2014) . These findings suggest that HLTF travels with the replication fork, which would enable it to respond rapidly to DNA damage or replication stress. Second, we also find that depletion or deletion of HLTF leads to longer replication tracts under conditions of replication stress ( Figure 7D ; Figure S6E ). HU dramatically increases the frequency of replication fork reversal in cells, and a defect in fork reversal could account for the effect of HLTF depletion on fork progression in the presence of HU (Zellweger et al., 2015) . Although it is possible that other fork remodeling processes could lead to this phenotype, two other factors needed for fork reversal, RAD51 and PARP, are also required to slow the fork under conditions of genotoxic stress (Zellweger et al., 2015) . More importantly, the fork progression phenotype we observe is dependent on the HIRAN domain, which is required for fork reversal in vitro. We therefore hypothesize that the increased fork speed observed upon loss of HLTF is a result of loss of fork reversal.
Our findings raise interesting questions about the role of the HIRAN domain and HLTF in the cell and how HLTF may function together with other DDT and fork reversal proteins. For example, the HIRAN domain could help recruit HLTF to the replication fork in cells, which consequently might impact the functions of other proteins. Indeed, although HLTF's role in promoting PCNA polyubiquitination is shared with other ligases (Krijger et al., 2011; Unk et al., 2010) , a decrease in this modification brought about by HLTF loss could reduce the recruitment of ZRANB3, which associates with polyubiquitinated PCNA (Ciccia et al., 2012) . It will also be important to determine how SMARCAL1 and ZRANB3 affect fork progression under these conditions, and to investigate whether HLTF acts in the same pathway as these remodelers and as other proteins that restrain fork speed, such as RAD51 and PARP. Finally, the physiological effects of unrestrained replication fork progression are intriguing. HLTF's fork reversal activity may protect the replication fork and prevent the accumulation of mutations and genome instability. For instance, under conditions of nucleotide depletion, HLTF-mediated fork reversal could protect the fork by limiting ssDNA accumulation. Notably, HLTF is silenced in more than 40% of colon cancers, and its disruption promotes genome instability and intestinal carcinogenesis on the Apc min/+ mutant background in mice (Sandhu et al., 2012; Unk et al., 2010) . The Cancer Genome Atlas (TCGA) also indicates that HLTF amplification is observed in many cancers. We speculate that loss of HLTF could drive tumor progression by preventing a proper response to replication stress. Conversely, increased expression of HLTF may be advantageous in cancers that need to tolerate elevated levels of replication stress. HLTF may therefore be an important vulnerability point for tumorigenesis.
In summary, characterization of HLTF's HIRAN domain and elucidation of its DNA-bound structure reveal surprising clues about HLTF function and the mechanism of fork reversal, and could help pharmacological efforts to target HLTF activity in cancers. Moreover, the striking conservation of the ancient HIRAN domain throughout evolution and the role we have ascribed to it pave the way for functional studies on other uncharacterized HIRAN domain-containing proteins.
EXPERIMENTAL PROCEDURES
Detailed procedures are available online in the Supplemental Experimental Procedures.
iPond iPond was performed as previously described (Sirbu et al., 2011) .
Expression and Purification of Proteins
Cleavable His 6 -GST-HLTF proteins were expressed and purified from S. cerevisiae using tandem nickel and glutathione agarose chromatography. HIRAN domain proteins from human HLTF (amino acids 55-180) were expressed in E. coli and purified by nickel affinity followed by cleavage of the His 6 -GST-tag, heparin sepharose, and size exclusion chromatography.
DNA Binding
The oligonucleotides used in EMSAs and DNA pull-downs are listed in Table  S1 . EMSAs were carried out at 25 C with 25 nM 6-carboxyfluorescein (FAM)-labeled oligonucleotides. Biotinylated oligonucleotides were incubated with the indicated protein for 1 hr at 4 C, washed, and boiled in sample buffer, then subjected to SDS-PAGE.
HIRAN Crystallization and Structure Determination
The HLTF-HIRAN domain bound to dT 10 was crystallized by vapor diffusion, and the structure was determined by single isomorphous replacement with anomalous scattering phases from SeMet-substituted protein ( Figure S2A ; Table 1 ). The atomic model was refined and validated against native 1.5-Å diffraction data.
NMR Spectroscopy of the HIRAN Domain NMR structure calculations of the HLTF-HIRAN domain bound to dT 10 ssDNA were performed using CYANA based on NOE-derived distance, dihedral angle, and hydrogen bond restraints (Table S2) ATPase and Fork Regression Assays ATPase-and oligonucleotide-based fork regression experiments were carried out as described (Blastyá k et al., 2007 , with minor modifications.
Cell Culture, RNA Interference, and Plasmids U2OS and HEK293T cells were maintained in DMEM (Life Technologies) supplemented with 10% FBS, 2 mM L-glutamine, and penicillin/streptomycin in 5% CO 2 , at 37 C. Plasmids and siRNA were transfected using Fugene6
(Promega) and Dharmafect 1 (Thermo Fisher Scientific), respectively, according to the manufacturer's directions.
Reagents and Antibodies g-tubulin (Sigma); IdU (BD Biosciences); CldU (BU1/75); SMARCA3/HLTF (Bethyl Laboratories); HLTF (Abcam); RAD18 (Novus Biologicals); PCNA (Santa Cruz Biotechnololgy); RPA70 (Bethyl Laboratories); and Histone H3 (Abcam) antibodies are all commercially available. The HLTF antibody was previously described (Lin et al., 2011) . HU (Sigma), IdU (Fluka Chemical), and CldU (Sigma) are commercially available.
CRISPR/Cas9-Mediated Knockout of HLTF in U2OS Cells HLTF gene disruption was performed using the CRISPR/Cas9 system as described in Supplemental Experimental Procedures.
DNA Fiber Experiments
U2OS and derivative cell lines were used to monitor DNA replication tracks essentially as described (Jackson and Pombo, 1998) .
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